2 We report fabrication of nanostructured zinc oxide (ZnO) thin films with improved optical properties through electrochemical anodization. The ZnO films were produced over silicon substrates via radio-frequency (RF) plasma magnetron sputtering technique followed by electrochemical treatment in potassium sulfate solution. After electrochemical treatment, the effect of applied potential on the band gap emission behavior of ZnO films was investigated for the potential drop of 1.8, 2.4 and 3.0 V against reference electrode of Ag/AgCl/0.1M KCl. Depending on these values, ZnO films with different degrees of nonporous morphology, improved structural quality and oxygenrich surface chemistry were obtained. The treatment also resulted in enhancement of band gap emission from ZnO films with the degree of enhancement depending on the applied potential. As compared to the as-deposited films, a maximum increase in the photoemission intensity by more than 2.2 times was noticed. In this paper, any changes in the structure, surface chemistry and band gap emission intensity of the RF sputter deposited films, as induced by the anodization treatment at differential potential values, are discussed.
Introduction
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3 Zinc oxide (ZnO) is a wide direct band gap semiconductor (3.3 eV) with large exciton binding energy (60 meV) [1] . It is commonly used in various devices such as gas sensors, transparent conducting electrode (TCO) in thin film solar cells, surface acoustic wave and microfluidic applications. Its unique electro-optical properties, particularly, allow its use as ultraviolet (UV) light-emitting diodes and blue luminescent devices [2] and, for this purpose, extensive research efforts are underway to enhance band gap emission characteristics of the ZnO films [1] [2] [3] . Nanostructuration of the ZnO films has been reported as one of the possible means to improve its band gap emission and to raise its efficiency as TCO in photovoltaic applications [1, 4] . Various morphologies of ZnO nanostructures including nanorods [1, 4] , nanowalls [5] and single-crystal nanotubes [6] can be synthesized using different methods such as; hydrothermal technique [7] , template-assisted growth [8] and ultra-fast microwave method [9] . However, these synthesis routes have disadvantages of (i) poor adhesion to the substrate, making it difficult to integrate them into the device configuration and (ii) presence of structural defects and contaminants inherent of these processing routes, leading to suppression of the UV emission as in the case of photoluminescence (PL), for example [10] .
To overcome these limitations, one can deposit ZnO films with good structural quality using vacuum-assisted physical vapor deposition (PVD) techniques. PVD techniques can produce high-purity, uniformly thick, well-adherent ZnO films at relatively low temperature and over large areas with tuneable structural morphology and composition, besides compatibility with micro-fabrication protocol [3] . The ZnO films produced using PVD process, however, often exhibit dense structural morphology with an associated lower surface-to-volume ratio as compared to their nanostructured counterparts, thus limiting their performance in certain applications [4] .
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In this work, the benefits from sputter deposition of the ZnO films and their subsequent nanostructuration are combined by devising a simple, cost-effective approach towards fabrication of nanoporous ZnO films from dense ZnO film structures prepared using RFplasma magnetron sputtering. The fabrication of such ZnO nanostructures was achieved through applying electrochemical anodization in a non-toxic and environment-friendly electrolyte solution of potassium sulfate (K 2 SO 4 ). The ZnO nanostructures so obtained preserve their good adhesion to the substrate, while their structural quality can even be further improved. Furthermore, the nanostructures exhibit enhanced band gap emission at room temperature.
In fact, the electrochemical treatment of ZnO has been reported by some groups. For example, Pust et al. [11] reported on the change of the surface morphology of RF-sputtered ZnO:Al thin films by means of an anodic electrochemical treatment in hydrochloric acid solution, for application as a front contact in Si thin film solar cells. In this work, the treatment of ZnO films in K 2 SO 4 solution allows the nanostructuration of the ZnO not only at the surface region, as reported by Pust et al. [11] , but also at the bulk region. In this paper, the correlation between morphology and surface chemistry of the ZnO films with band gap emission intensity enhancement, before and after electrochemical cycling, is also discussed.
Experimental
ZnO films deposition
Using RF-plasma magnetron sputtering system, the ZnO films with thickness of ~550 nm were deposited over silicon (100) substrate at room temperature. For this purpose, a discshaped ZnO target (>99.9% purity, 4" diameter) and argon gas (99.99 %) were employed as sputtering target and gas, respectively, with 350 W applied power. More details on the experimental setup are described elsewhere [12] .
Electrochemical anodization
The as-deposited ZnO films (3×1 cm  2 
Sample characterization
The surface and cross-section morphologies of the ZnO films were examined under scanning electron microscope (JEOL, JSM 7600F) at 5 kV accelerating voltage. For structural analysis, X-ray diffraction (XRD) studies were performed in a X-ray diffractometer (Siemens D5000) employing monochromatic CuKα radiation (λ=1.5404 Å) in Bragg Brentano and Rocking curve configurations. Photoluminescence (PL) measurements were made on a JobinYvon Fluorolog 3 spectrometer using a Xenon lamp (500 W) with excitation wavelength of 300 nm at room temperature. X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Kratos Axis Ultra using Al Kα (1486.6 eV) radiation. The C1s line of 284.4
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6 eV was used as a reference to correct the binding energies for charge energy shift. The Shirley background was subtracted from the spectra, whereas signals symmetric Gaussian functions were used in the peak fitting procedures.
Results and discussion
In a preliminary study, we examined a series of cyclic voltammograms (CV) carried out for the ZnO film electrodes in the range of 0-3.0 V vs Ag/AgCl/0.1M KCl at 20 mV. s -1 scan rate. The first scan of potential ( Fig. 1 ) displays a well-defined anodic peak at about 1.8 V while after 20 th scan of potential, a significant change in the shape of the curve is observed, indicative of electrochemical process involving ZnO film surface [13] . In other words, the peak intensity experiences a progressive reduction with an increase in the number of scan cycles. Moreover, the rate of anodic dissolution of the ZnO materials, in both acidic and alkaline baths, has been reported to be higher than that in solutions with 7-8 pH [14, 15] . At these high potential values ( Fig. 1 ), the oxygen evolution reaction (eq.1) is supposed to be expected, leading to a localized increase in the proton concentration in the vicinity of the ZnO electrode. This may facilitate the chemical dissolution of the ZnO film via eq. 3. Thus, there are two competing reactions involving ZnO film dissolution, as described below [11, [16] [17] [18] :
The effect of the potential range on the cross-section morphologies of the etched films 
shows dense columnar morphology with surface roughness originating from growth and subsequent impingement of neighbouring islands during the film deposition. After the electrochemical treatment, the ZnO surface becomes rougher, while the columnar structure becomes more pronounced as the applied potential value increases from 1.8 to 3.0 V, as manifested in Fig. 2(b-d) . The increase in film roughness is due to the fact that the film surfaces become nano-porous after electrochemical treatment.
The porosity was also found to increase with an increase in the applied potential window, as shown in Fig. 3 , where anodization of the films at 1.8, 2.4 or 3.0 V causes formation of highly nanoporous ZnO films in the form of inter-connected nano islands. It must be noted that the film thickness was not affected by the electrochemical treatments at different applied potentials. The SEM images of the ZnO film surfaces ( Fig. 3a-d ) confirm that the columnar structure, observed after cycling, is due to the formation of nano-channels along the film thickness. These channels reach the bottom of the films upon increasing the applied potential from 1.8 up to 3.0 V, as evident from Fig. 2d . Therefore, the ZnO nanostructuration is not only limited to the film surface but also to the bulk region. The films showed good adhesion to the silicon substrate even after scratching with a diamond tip.
The mechanism of nanoporosity formation in ZnO films can be attributed to localized corrosion at grain boundaries, triggered by the reaction of ZnO film surface with etching agents in the electrolyte solution [11, 19] . The ZnO etching behavior can be explained by the wurtzite structure and the dangling bond model, described in Ref [19] . In ZnO, the surface atoms on the perfect polar faces are tightly bound to three neighboring atoms from the bulk material, while the atoms in the underlying layer are only bound to one atom in the bulk.
Thus, the etching step is to remove the tightly bound top atom. The partial positive and negative charges of the dangling bonds at the Zn(001) and O(001) terminated surfaces can easily be attacked by hydronium (H 3 O + ) ions that come from oxygen evolution reaction M A N U S C R I P T ACCEPTED MANUSCRIPT 8 (eq.2). In this case, the attack of etching species can only occur at the defects such as screw dislocations where the charge repulsion is disrupted. It is noteworthy that our simple process can be used to fabricate uniform nano-porous ZnO films at room temperature with good adhesion to the substrate and without any need of surfactants or a template. The porosity so produced is expected to affect both electrical and optical characteristics of the films.
Before and after the electrochemical treatment, the ZnO films show single preferential orientation along c-axis, as confirmed by XRD pattern (Fig. 4a) , through presence of a distinct [19] who reported that attack of the etching species can only occur at defects such as screw dislocations present in the ZnO.
The room temperature PL analysis of ZnO films, before and after treatment at applied potential of 1.8 up to 3.0 V, is shown in Fig. 5 . The band at ~ 377. 2 nm, which corresponds to ~ 3.3 eV energy, is attributed to the band gap emission in ZnO [22] . The defect emissions . This degree of enhancement is also comparable to that of ZnO-coated multi-walled carbon nanotubes (3-fold enhancement) reported earlier [8] .
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Furthermore, when compared to other published results, the room temperature PL intensity enhancement for our electrochemically treated ZnO films is competitive with those of ZnO buffered with MgF 2 (four fold) [24] , ZnO layer (two fold) [25] and Al 2 O 3 (58%) [26] , whereas it is much higher than that of ZnO buffered with SiO 2 and S 3 iN 4 [27] . It should be noted that despite the improvement in the band gap emission of ZnO film treated at 1.8 V, the PL curve shows defect emission at around 530 nm which is attributed to Zn interstitials [28] .
The enhancement of the band gap emission intensity maybe attributed to the change in the structural morphology and stress relaxation in the films after electrochemical cycling. It is a well-known fact that relaxation of compressive stresses in ZnO and improvement in its structural quality lead to improved optical properties in terms of enhancement in its band gap emission [29, 30] . In the present work, the observed enhancement, maybe partially assigned to the improvement in structural quality as can be deduced from decrease of the rocking curves value after film treatment. Another contributing factor maybe relaxation of compressive stresses in the films after anodization (Fig. 4a) beside an increase in the surface area, as suggested in case of ZnO deposition on carbon nanotubes [8] . However, these are not the only parameters involved since the ZnO film that shows the highest enhancement intensity (cycled at 1.8 V) shows less relaxation of compressive stress and less porosity compared to the films treated at 2.4 and 3.0 V (Fig 2) . Therefore, the surface chemistry of ZnO should have an important role towards enhancement of the band gap emission intensity.
In order to elucidate the PL emission behavior, XPS analysis was performed on ZnO films before and after electrochemical treatment It can be seen from Table 1 and Fig. 7 that ZnO film surface, after electrochemical treatment at 1. [39] , and this has been found to have a considerable effect on the PL properties of ZnO. Indeed, the low amount of oxygen vacancies in the ZnO film leads to an enhancement in the band gap emission [40, 41] . Moreover it has been reported in literature that healing of oxygen vacancies by surface oxidation of ZnO surface promotes improvement in its optical properties [40] [41] [42] . This can explain the highest intensity of PL obtained in the case of ZnO film treated at 1.8 V, although this film has moderate surface area compared to the other films treated at 2.4 and 3.0 V.
The surface oxidation/or oxygen vacancies healing seem to be insufficient in case of films cycled up to 2.4 and 3.0 V. In fact, the amount of oxygen vacancies has increased in these cases. Their PL intensities, however, remain higher than that of the as-deposited film which contains less concentration of oxygen vacancies at its surface region. This can be attributed to the surface area effect which is more important in case of films treated at 2.4 and 3.0 V.
Therefore, the band gap emission intensity in the ZnO films should be considered to be caused by two competing factors namely the film surface chemistry and the film surface area. Table 1 A C C E P T E D M A N U S C R I P T
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Highlights
-Synthesis of nanostructured ZnO films with a good adhesion to the substrate -The structural quality of the films has been improved.
-The band gap emission intensity of the films has been enhanced.
